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SOLED SURFACE SMOOTHING METHOD AND APPARATUS 

THEREFOR 



TECHNICAL FIELD 
5 [0001] 

This invention is one which can be applied to the smoothing of the 
substrate of e.g. a semiconductor, another electronic device, or the like, and to 
the smoothing of a wide variety of device surfaces, and pertains to a method, 
and an apparatus therefor, for smoothing a solid surface by means of 
10 irradiation with a gas cluster ion beam. 
BACKGROUND ART 
[0002] 

So far, a wide variety of vapor phase reaction methods aimed at the 
surface smoothing, etc., of electronic devices, have been developed and put 

15 into practical use. E.g., the method of smoothing a substrate surface shown in 
Patent Reference 1 irradiates a substrate surface at a low angle with single 
atoms or molecular ions of Ar (argon) gas and smoothes it by sputtering. 

Moreover, in recent years, solid surface smoothing methods using a gas 
cluster ion beam have gained attention for enabling little surface damage and 

20 very small surface roughness. E.g., in Patent Reference 2, there is disclosed a 
method of reducing surface roughness by irradiating a gas cluster ion beam on 
a solid surface. In this method, the gas cluster ions irradiated on the object 
being processed are broken down by collisions with the object being 
processed, on which occasion there arise many-body collisions between the 

25 constituent atoms or molecules of the cluster and the constituent atoms or 
molecules of the object being processed, and a movement in a horizontal 
direction with respect to the object being processed becomes noticeable, as a 
result of which cutting is performed in a transverse direction with respect to 
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the surface of the object being processed. This is a phenomenon called 
"lateral sputtering". By further movement of particles in a lateral direction on 
the surface of the object being processed, the apices of the surface are planed, 
the result being that atomic-size, ultra-accurate polishing is obtained. In 
5 addition, the energy held by the gas cluster ion beam is different from that of 
conventional ion etching in that, the energy being lower, no damage is 
inflicted on the surface of the object being processed, making possible the 
required ultra-accurate polishing. This means that solid surface smoothing 
method based on a gas cluster ion beam exhibits the advantage of there being 
10 less damage to the processed surface than the ion etching method shown in 
the aforementioned Patent Reference 1 . 
[0003] 

For smoothing based on a gas cluster ion beam, it is generally 
recognized that it is desirable for the direction of irradiation of the cluster ion 

15 beam on the surface of the object being processed to be one coming from a 
nearly perpendicular direction with respect to the surface being processed. 
This is to make maximum use of the effect of "surface smoothing based on 
lateral sputtering" described previously. However, in the aforementioned 
Patent Reference 2, it is described that, in case the surface being processed is 

20 a curved surface or the like, the irradiation may be in an oblique direction in 
response to that situation of the surface, but there is no mention regarding the 
effect in the case of irradiation be in an oblique direction. Consequently, in 
this Patent Reference 1, it comes about that the most efficient method for the 
smoothing of a solid surface is one where the beam is irradiated from a nearly 

25 perpendicular direction with respect to that surface. 
[0004] 

Moreover, concerning the smoothing of a solid surface using a gas 
cluster ion beam, there is also an example in Patent Reference 3. There is no 



NAA237 3 

description in this Patent Reference 3 either of the relationship between the 
angle formed between the gas cluster ion beam and the solid surface, and the 
smoothing of the surface, so if one considers, from the disclosed description, 
that the "lateral sputtering" effect is used, one may consider that data for 
5 perpendicular irradiation are shown, in the same way as the previously 
indicated Patent Reference 2. 

In addition, there is also an account pertaining to the smoothing of a 
solid surface based on gas cluster ion beam irradiation in Non-Patent 
Reference 1 . Toyoda et al. carried out irradiating Ar cluster ions on surfaces 
10 of materials like Cu, SiC, and GaN and show a reduction in surface 

roughness. Even in this case, the work presented is irradiated by a gas cluster 
ion beam from a nearly perpendicular direction with respect to the surface. 
[0005] 

Moreover, there are descriptions in Non-Patent Reference 2 regarding 
15 the changes in the roughness of a solid surface in the case of irradiating a gas 
cluster ion beam at various irradiation angles with respect to a solid surface. If 
the case of perpendicular irradiation with respect to the solid surface is taken 
to be 90° and the case of irradiation in parallel with the surface is taken to be 
0°, it is shown that the sputtering rate, which is the speed at which the surface 
20 is etched, is the greatest for perpendicular irradiation and the etching rate 
decreases as the irradiation angle decreases. Regarding the relationship 
between surface roughness and irradiation angle, tests were performed by 
changing the irradiation angle to 90°, 75°, 60°, 45°, and 30°, and it was shown 
that the surface roughness increases as the irradiation angle decreases. No 
25 investigation was carried out experimentally for irradiation angles below 30°, 
but this may be thought to be due to the fact that it was judged to be of no use 
to carry out something like that, since surface roughness increases as the 
irradiation angle is decreased. 
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[0006] 

In addition, the majority of electronic devices such as integrated circuits 
and optical devices used in optical communications have concavo-convex 
patterns prepared by microshaping in solid surfaces or thin film material 
5 surfaces, but there is no account of using a gas cluster ion beam for the 

smoothing of the side wall surfaces of concave portions or convex portions in 
those concavo-convex patterns. This is because it was believed that it is 
difficult to irradiate a gas cluster ion beam nearly perpendicularly to the side 
wall surfaces of concave portions or convex portions or that the smoothing of 

10 side wall surfaces is not possible with the lateral sputtering mechanism. 

As mentioned above, since, in the case of smoothing a solid surface by 
using a gas cluster ion beam, the surface roughness is the smallest when the 
irradiation angle of the gas cluster ion beam with respect to the solid surface 
is chosen to be 90°, and the surface roughness increases as the irradiation 

15 angle is decreased, it is not an exaggeration to say that no consideration has 
been given to cases other than making the irradiation angle nearly 
perpendicular. 

Patent Reference 1 : Japanese Patent Application Laid Open No. 1995 - 
58089. 

20 Patent Reference 2: Japanese Patent Application Laid Open No. 1996 - 

120470. 

Patent Reference 3: Japanese Patent Application Laid Open No. 1996 - 
293483. 

Non-Patent Reference 1 : Japanese Journal of Applied Physics, Vol. 41 
25 (2002), pp. 4287-4290. 

Non-Patent Reference 2: Materials Science and Engineering, R34 
(2001), pp. 231-295. 
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DISCLOSURE OF THE INVENTION 

PROBLEM TO BE SOLVED BY THE INVENTION 

[0007] 

According to the smoothing method, disclosed in Patent Reference 1, 
5 based on sputtering the side wall faces of terraces protruding from the 

substrate surface by irradiating an Ar (argon) gas ion beam at an irradiation 
angle close to parallel with the substrate surface, e.g. at an angle of 5°, the 
convex portions present on the substrate surface are planed preferentially and 
are smoothed to a certain extent, but it is necessary to choose the irradiation 

10 energy to be at or below 100 eV in order to suppress damage to the substrate 
surface, in which case the ion current becomes very weak, so there has been 
the problem that it becomes impossible to obtain a practical sputtering speed. 

The method, shown in Patent References 2 and 3 and Non-Patent 
References 1 and 2, of performing surface smoothing by irradiating a gas 

15 cluster ion beam on a solid surface and using "nearly perpendicularly incident 
lateral sputtering" reduces surface roughness to a certain extent, but it cannot 
cope with further reductions. Also, with this nearly vertically incident 
irradiation lateral sputtering by a gas cluster ion beam, there arises sputtering 
to a certain extent across the whole solid surface in the case of smoothing a 

20 surface, and there are cases where that amount of etching can not be 

disregarded. E.g., in case it is attempted to smooth a thin film material surface 
having a thin film with a thickness of something like several tens of 
nanometers with a surface roughness Ra of several nanometers, there are 
cases where an etching amount of several tens of nanometers is required when 

25 the surface roughness is reduced to something like 1 nm. In this case, there 
was the problem that a gas cluster ion beam could not be adopted for the 
smoothing of that thin film material. 
[0008] 
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Moreover, there was the problem that it was not possible to adopt a gas 
cluster ion beam for the smoothing of side wall surfaces of the concave or 
convex portions with which a concavo-convex pattern is formed and that was 
difficult to smooth these side wall surfaces sufficiently. 
5 This invention is one which solves problems like these and has as an 

object to provide a surface smoothing method, and an apparatus therefor, 
making possible little surface damage as well as smaller surface roughness 
than for the case of conventional methods, with respect to a wide variety of 
devices and materials such as semiconductors. 
10 MEANS FOR SOLVING PROBLEM 
[0009] 

The method, according to this invention, of smoothing a solid surface 
by using a gas cluster ion beam includes a process of irradiating the 
aforementioned gas cluster ion beam by making the angle formed by the 

15 aforementioned solid surface and the aforementioned gas cluster ion beam 
less than 30° for at least a portion of the time period of the aforementioned 
gas cluster ion beam irradiation process. 

The smoothing apparatus according to this invention, which smoothes a 
solid surface by using a gas cluster ion beam, includes a gas cluster ion beam 

20 generating apparatus emitting a gas cluster ion beam and an irradiation angle 
setting means capable of setting the irradiation angle formed by the 
aforementioned solid surface with respect to the aforementioned gas cluster 
ion beam to less than 30°. 
EFFECTS OF THE INVENTION 

25 [0010] 

As explained above, according to the present invention, it is possible, in 
the sample surface smoothing process based on gas cluster ion beam 
irradiation, to make surface roughness smaller and also to make surface 
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damage something which is smaller, than for conventional methods, by 
providing for the angle of the gas cluster ion beam to be less than 30° with 
respect to the sample surface for at least part of the time. 
BRIEF DESCRIPTION OF THE DRAWINGS 
5 [0011] 

Fig. 1 is a diagram showing the basic configuration of a gas cluster ion 
beam smoothing apparatus implementing the solid surface smoothing method 
of this invention. 

Fig. 2 is a diagram showing measured results for the surface roughness 
10 with respect to the irradiation angle. 

Fig. 3 is an oblique view showing an example of a solid surface in 
which a concavo-convex pattern is formed. 

Fig. 4A is an oblique view showing an example of a concavo-convex 
pattern in the case of irradiating a gas cluster ion beam at a fixed irradiation 
15 angle and Fig. 4B is an oblique view showing an example of a concavo- 
convex pattern in the case of irradiating a gas cluster ion beam at a fixed 
irradiation angle while rotating the sample in its surface. 

Fig. 5 is a table showing the relationship between the irradiation angles 
and the measured surface roughness, based on Embodiment 8. 
20 Fig. 6 a table showing the relationship between the irradiation angles 

and the measured surface roughness, based on Embodiment 9. 

Fig. 7 is a table showing the relationship between the irradiation angles 
and the measured surface roughness, based on Embodiment 12. 

Fig. 8 is a table showing the relationship between the irradiation angle 
25 and the measured surface roughness, based on Comparative Example 5. 

Fig. 9A is a side elevational view of an example of an irradiation angle 
setting mechanism and Fig. 9B is a front elevational view thereof and a 
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diagram showing a configuration example of an irradiation angle control 
apparatus. 

Fig. 10A is an atomic force microscopy photograph showing the 
surface condition of Sample 5-3 having the irradiation angle 9 P = 20° of 
5 Comparative Example 5 and Fig. 1 OB is a photograph of Sample 5-2. 

Fig. 1 1 A is a side elevational view of another example of an irradiation 
angle setting mechanism, and Fig. 1 IB is a front elevational view thereof and 
a diagram showing a configuration example of an irradiation angle control 
apparatus. 

10 BEST MODES FOR IMPLEMENTING THE INVENTION 
[0012] 

The mechanism of the smoothing method according to the present 
invention can be considered as follows. If a gas cluster ion beam irradiates a 
solid surface at a small angle exceeding a critical angle, the atoms or 
15 molecules forming the gas clusters recoil in a parallel direction to the solid 
surface without scarcely penetrating the solid surface. These recoil atoms or 
recoil molecules can be thought of as sputtering the protrusions of the solid 
surface. 

At this point, if a conventional ion beam, distinct from a gas cluster ion 
20 beam, is used, in a very small domain of irradiation angles, there can be 
recognized an effect which at a first glance apparently resembles that of the 
gas cluster ion beam, but its essence is completely different. In a smoothing 
method using a conventional ion beam, since there is not the many-body 
collision effect specific to gas clusters, the phenomenon specific to gas 
25 clusters that "the atoms or molecules forming the gas clusters recoil in a 
parallel direction to the solid surface without scarcely penetrating the solid 
surface" does not occur. Consequently, the result is that the smoothing 
method of this invention and the smoothing method using a conventional ion 
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beam are completely different smoothing processes. For this reason, in the 
surface smoothing method using a conventional ion beam, problems like 
those of the surface damage becoming bigger, the surface roughness reduction 
effect being weakened, and the processing speed becoming markedly lower 
5 are generated. 
[0013] 

Further, the effect based on the aforementioned mechanism of the 
method of this invention will be called the "Oblique Incidence Surface 
Sputtering Effect". 

10 Below, the working modes of this invention will be explained by means 

of embodiments. First, the basic configuration of a gas cluster ion beam 
smoothing apparatus implementing the solid surface smoothing method of the 
present invention will be explained with reference to Fig. 1 . Feedstock gases 
are made to be ejected from a nozzle 10 into a cluster generation vacuum 

15 chamber 11, where clusters are generated by aggregating the gas molecules. 
The clusters are guided through a skimmer 12 to an ionization chamber 13 as 
a cluster beam. In ionization chamber 13, the neutral clusters are ionized by 
an electron beam, e.g. thermal electrons, coming from ionizer 14. This ionized 
cluster beam is accelerated by means of an accelerating electrode 15, and the 

20 beam is then focused by means of a magnetic focuser 16 and made incident 
into a sputtering chamber 17. A sample 19 is mounted on a sample support 
1 8 of an irradiation angle setting mechanism 20 provided inside sputtering 
chamber 17, and the incident cluster ion beam CB, made to have a prescribed 
diameter by means of an aperture 21, is irradiated on sample 19. Irradiation 

25 angle setting mechanism 20 is controlled by means of an irradiation angle 
control apparatus 30 so as to set the angle of the sample surface with respect 
to the cluster beam CB to a desired irradiation angle 9 P . In cases like 



NAA237 10 

smoothing the surface of Sample 19, an electrical insulator, there are also 
cases of neutralizing the cluster ions in advance by electrons. 
[First Embodiment] 

Using a mixture of SFe gas and He gas as the feedstock gas, an SF 6 
5 cluster ion beam was generated with a size distribution having a peak for 
clusters aggregating approximately 500 SF 6 molecules, and the SF 6 cluster 
ions were accelerated to 30 kV and irradiated onto sample 19 at various 
irradiation angles 0 P with the irradiation dose set to 4 x 1 0 ions/cm . The 
surface roughness of a sample film was measured before and after irradiation 

10 with an Atomic Force Microscope (AFM). The measured results are shown in 
Fig. 2. As samples, the following films, deposited on a silicon substrate by a 
sputtering method, were respectively used: a chromium film (curve (a)), a 
platinum film (curve (d)), a nickel film (curve (e)), a silicon dioxide film 
(curve (c)), and a silicon film (curve (b)). For an irradiation angle range of 

15 35° to 90°, the same trend is shown as that shown in Non-Patent Reference 2, 
namely that the average surface roughness Ra in this range is the smallest at 
an irradiation angle of 90°. However, as the irradiation angle decreases below 
35°, the average surface roughness abruptly decreases, the average surface 
roughness being nearly fixed in the range from almost 30° to 1°, these 

20 roughness values moreover being smaller than for the case of 90°. 
[0014] 

The etching amounts of the Cr film and the Si film for the case of 
irradiating an SF 6 cluster ion beam at an irradiation angle of 25° were 
measured with an atomic force microscope. The results were respectively 10 
25 nm and 340 nm. As against this, the etching amount of the Si film in the case 
of irradiation at 90° was 1050 nm. Further, the initial surface roughness 
(before irradiation) of the Cr film was 3.1 nm. Also, in order to measure the 
extent of damage in the surface after the smoothing process for the Si film, 
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the profile of S (sulphur) atom penetration in the surface layer in a Si film for 
an irradiation angle of 25° was evaluated using the Secondary Ion Mass 
Spectroscopy (SIMS) method. The results were that S atoms only penetrated 
to a depth of something like 10 nm from the surface. 
5 [Second Embodiment] 

With the same conditions as in Embodiment 1 apart from setting the 
irradiation dose to 5 x 10 14 ions/cm 2 , a Cr film was irradiated with SF 6 cluster 
ions at an irradiation angle of 25°. The surface roughness of the Cr film after 
irradiation was measured using an atomic force microscope. The surface 
10 roughness Ra measured was 0.92 nm. Since the surface roughness of the Cr 
film for the case of an irradiation angle of 25° in Fig. 2 and a dose of 4 x 10 15 
ions/cm 2 was approximately 1 nm, surface roughness is reduced when the 
irradiation dose is increased. 
[Third Embodiment] 

15 With the same apparatus as in Embodiment 1, but using Ar instead of 

SF 6 as the feedstock gas, an Ar cluster ion beam was generated with a size 
distribution having a peak for clusters aggregating approximately 2000 Ar 
molecules, and the Ar cluster ions were accelerated to 30 kV and irradiated at 
various irradiation angles 0 P on a Cr film. The irradiation dose was set to 4 x 

20 10 15 ions/cm 2 . The surface roughness of the Cr film was measured before and 
after irradiation with an Atomic Force Microscope (AFM). The measured 
results are shown in curve (g) of Fig. 2. Also, the Cr film is a film formed by 
sputtering on a silicon substrate. 
[Fourth Embodiment] 

25 With the same conditions as in Embodiment 1 , an irradiation with SF6 

cluster ions was carried out for the Cr film, but on that occasion, a cycle was 
chosen with a continuous variation of the irradiation angle 0 P with respect to 
one sample from 90° to 0° and again with a continuous variation from 0° to 
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90°, the variation being carried out in cycles of 1 s. In addition, the irradiation 
dose was set to 5 * 10 14 ions/cm 2 . The surface roughness of the Cr film after 
irradiation was measured using an atomic force microscope. The surface 
roughness Ra measured was 0.43 nm. 
5 [Fifth Embodiment] 

With the same conditions as in Embodiment 1, the Cr film was 
irradiated with an SF 6 gas cluster ion beam, and as a first step, irradiation was 
carried out with an irradiation angle G p of 90°, the irradiation at this time 
being set to 3 x 10 14 ions/cm 2 , and as a second step, the Cr film surface was 

10 irradiated at an irradiation angle 0 P of 25° with an irradiation dose at this time 
of 2 x 10 14 ions/cm 2 , so as to make the total irradiation dose 5 x 10 14 ions/cm 2 , 
the same as that in Embodiment 4. The surface roughness of the Cr film after 
irradiation was measured using an atomic force microscope. The surface 
roughness Ra measured was 0.41 nm. 

15 [Sixth Embodiment] 

A mask pattern was formed by applying a resist layer on a silicon 
substrate having a thermal oxide formed on it, drawing a line and space 
pattern (multiple parallel lines with spaces in between) by using an electron 
beam lithography apparatus, and developing the pattern. The line width was 

20 set to 1 fim and the space width was set to 4 |im. Through the use of a reactive 
etching apparatus, the silicon oxide layer was etched and a hard mask was 
formed. Subsequently, the silicon substrate was etched to a depth of 
something like 1 0 ^m using radio-frequency Inductively Coupled Plasma 
Reactive Ion Etching (ICP-RIE). 

25 [0015] 

As shown in Fig. 3, what results is a plurality of lamellae 32 formed in 
parallel, with spaces in between, on a silicon substrate 31 . I.e., a concavo- 
convex pattern is formed in the solid surface. The result of measuring the 
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surface roughness of the side walls of these lamellae 32 was that the surface 
roughness Ra was 3.28 nm. Next, the side wall surfaces, in Fig. 3 the plate 
faces of lamellae 32, of the concave portions or convex portions formed in 
this solid surface, were irradiated with an SF 6 gas cluster ion beam CB under 
5 the same conditions as in Embodiment 1 at an irradiation angle 9 P ' of 85° 
with respect to the irradiated substrate surface, the irradiation angle 0 P with 
respect to the side wall surfaces of the line and space pattern at the same time 
working out to 5°. The irradiation dose at this time was set to 6 x 10 13 
ions/cm . The roughness of the side wall surfaces of the line and space pattern 

10 after irradiation was measured with an atomic force microscope. The surface 
roughness Ra measured was 0.34 nm. 
[Seventh Embodiment] 

A mask pattern was formed by applying a resist layer on a silicon 
substrate having a thermal oxide formed on it, drawing an arrangement of 

15 circular patterns by using an electron beam lithography apparatus, and 

developing the pattern. The circular pattern diameter was set to 5 (im and the 
pitch of the arrangement of circular patterns was set to 10 ^m. Through the 
use of a reactive etching apparatus, the silicon oxide layer was etched and a 
hard mask was formed. Subsequently, the silicon substrate was etched to a 

20 depth of something like 10 \im using radio-frequency Inductively Coupled 
Plasma Reactive Ion Etching (ICP-RIE). As shown in Fig. 4A, a pattern 
formed of multiple cylinders 33 with spaces in between, i.e. a concavo- 
convex pattern, is formed on silicon substrate 31. The side wall surfaces of 
the concave portions or the convex portions in this concavo-convex solid 

25 surface, in Fig. 4A the peripheral faces of cylinders 33, were irradiated with 
an SF 6 gas cluster ion beam CB under the same conditions as in Embodiment 
1, the irradiation angle 0 P ' with respect to the irradiated substrate surface 
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being set to 80°. At this time, the irradiation angle 0 P with respect to the side 
wall surface of cylinder 33, i.e. the peripheral face thereof, does not become 
fixed. The irradiation was carried out so that the maximum irradiation angle 
6 P becomes 10° with respect to the peripheral face in the plane containing the 
5 cylinder 33 axis for the side wall surface (peripheral face) of this cylinder 33 
and the gas cluster ion beam CB. Further, as shown in Fig. 4B, substrate 31 in 
which cylinder 33 is formed is rotated around an axis 31x at right angles with 
the face of the substrate so that the entire side wall surface (peripheral face) of 
cylinder 33 is irradiated by the gas cluster ion beam. The irradiation dose at 

10 this time was set to 2 x 10 14 ions/cm 2 . The roughness of the side wall surface 
of cylinder 33 was measured with an atomic force microscope. The surface 
roughness Ra measured was 0.39 nm. 
[Eighth Embodiment] 

Using a mixture of SF 6 gas and He gas as the feedstock gas, an SF 6 

15 cluster ion beam was generated with a size distribution having a peak for 
clusters aggregating approximately 500 SF 6 molecules, and the SF^ cluster 
ions were accelerated to 30 kV and irradiated onto the surface of each sample 
19 with a silicon film formed thereon. The irradiation with respect to the 
sample surfaces being carried out in two steps, at one selected irradiation 

20 angle 0 P and by changing the cluster ion beam direction (bearing angle) 9 r in 
the plane of projection on the faces of the samples. Specifically, irradiation 
was carried out with the irradiation angles (0 P , 0 r i) in the first step, and the 
irradiation angles (0 P , 9 r 2) in the second step. Note, however, that bearing 
angle 0 r2 is a relative value with 0 r i as the reference, e.g. setting 0 r i = 0°. With 

25 0 P selected from the angles 5°, 10°, 20°, 25°, 30°, and 35° and with 0 r2 
selected from the angles 3°, 5°, 10°, 15°, 20°, 30°, 45°, 70°, and 90°, 
irradiation was performed for the set of all (0 P , 0 r2 ) angles, with respectively 
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differing samples 8-1 to 8-54. The irradiation doses were also set to the same 
value of 2 * 10 15 ions/cm 2 for the first step and the second step. The 
roughness of the sample surfaces before and after irradiation was measured 
using an atomic force microscope (AFM). The measured results are shown in 
5 Table 1 in Fig. 5. 
[0016] 

As a sample, a Si film was deposited on a silicon substrate, by a 
sputtering method. Samples with a Pt film, a Ni film, an SiC>2 film, and a Cr 
film formed respectively in the same way on a silicon substrate were 

10 irradiated in the first step with an SF 6 cluster ion beam at the angles 9 P = 10°, 
©ri = 0°, and 9 r 2 = 45° and the measured results for the roughness after 
irradiation were Ra = 0.14 for the Pt film, Ra - 0.1 for the Ni film, Ra = 0.08 
for the Si0 2 film, and Ra = 0. 1 6 for the Cr film. Also, regarding the Si film, 
the profile of S atoms penetrating the surface layer in the Si film for an 

15 irradiation angle of 9 P = 25° was evaluated using the secondary ion mass 

spectroscopy (SIMS) method, in order to measure the extent of damage in the 
surface after the smoothing process. The result was that S atoms had only 
penetrated to a depth of something like 10 nm from the surface. 
[Ninth Embodiment] 

20 With the same apparatus as in Embodiment 8 and using Ar as the 

feedstock gas, an Ar cluster ion beam was generated with a size distribution 
having a peak for clusters aggregating approximately 2000 Ar molecules, the 
Ar cluster ions were accelerated to 30 kV, and, setting the irradiation angle to 
9 P = 10°, the Si film surface was irradiated in two steps with different 

25 irradiation bearing angles 9 r 2. The irradiation dose was set to 4 x 10 15 
ions/cm 2 . The surface roughness of the Si film was measured regarding 
samples 9-1 to 9-9 before and after irradiation with an atomic force 
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microscope (AFM). The measured results are shown in Table 2 in Fig. 6. 
Further, the Si film is a film formed by a sputtering method on a silicon 
substrate. 

[Tenth Embodiment] 
5 With the same conditions as in Embodiment 8, an irradiation with SF 6 

cluster ions was carried out for the Si film, but on that occasion, with the 
irradiation angle 0 P set to 10°, the bearing angle 0 r was varied continuously 
from 0° to 90° and was again varied continuously from 90° to. 0° This 
roundtrip was repeated continuously at a rate of one cycle per second. Further, 

10 the irradiation dose was set to 4 x 10 15 ions/cm 2 . The surface roughness of the 
Si film after irradiation was measured using an atomic force microscope. The 
surface roughness Ra measured was 0.09 nm. Also, the time of the concerned 
cycle was tested at 0.1 s and 5 s in the same way. The result was that the 
surface roughness Ra worked out to 0.08 nm and 0.09 nm, respectively. 

15 [0017] 

Further, an experiment was performed in which the 0 r angle change 
quantity was set from 0° to 30°, with a cycle of 1 s. The result was that the 
surface roughness Ra worked out to 0.1 1 nm. 
[Eleventh Embodiment] 

20 Line and space pattern lamellae 32 (refer to Fig. 3), similar to those in 

Embodiment 6, were formed in a silicon substrate with a thermal oxide film 
formed thereon, and an SF 6 gas cluster ion beam was irradiated in the same 
way as in Embodiment 8 with respect to the silicon substrate in which this 
pattern was formed, with an irradiation angle 9 p of 5° with respect to the side 

25 wall surfaces of the line and space pattern and two irradiation bearing angles 
0 r . In the first step, 0 r was set to 0° and the irradiation dose to 2 x 10 15 
ions/cm 2 , and in the second step, 0 r was set to 10° and the irradiation dose to 2 
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x 10 15 ions/cm 2 . The surface roughness of the side walls of the line and space 
pattern were measured after irradiation with an atomic force microscope. The 
surface roughness Ra measured was 0.12 nm. 
[Twelfth Embodiment] 
5 With the exception of changing the irradiation angle 0 P in the first step 

and the second step, irradiation was carried out with a gas cluster ion beam in 
the same way as in Embodiment 8, by combining a number of different 0 P and 
0 r angles. The measured results are shown in Table 3 in Fig. 7. 
[First Comparative Example] 

10 Using a commercially available ion beam etching apparatus, an SF 6 ion 

beam was generated, the SF 6 ions were accelerated to 30 kV and irradiated 
by a sputtering method on a Cr film, a Pt film, an SiC>2 film, and an Si film 
similar to those used in Embodiments 1 and 8. The irradiation dose was set to 
4 x 10 15 ions/cm 2 . The surface roughness of the surfaces of various materials 

15 before and after irradiation was measured using an atomic force microscope. 
The result was that the surface roughness Ra of the surfaces of the various 
materials worked out to 2 nm or more for any irradiation condition. Also, the 
profile of S atoms penetrating the surface layer in the Si film was evaluated 
using the secondary ion mass spectroscopy (SIMS) method, in order to 

20 measure the extent of damage in the surface after the smoothing process. The 
result was that S atoms had penetrated as deeply as 40 to 50 nm from the 
surface. 

[Second Comparative Example] 

A solid surface having the concavo-convex pattern shown in Fig. 3 was 
25 formed with the same conditions as those of Embodiment 6. Without 
irradiating this solid surface with a gas cluster ion beam, the surface 
roughness of the side wall surfaces of the concave portions or the convex 
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portions, in Fig. 3 the plate faces of lamellae 32, was measured with an 
atomic force microscope. The surface roughness Ra measured was 3.28 nm. 
[Third Comparative Example] 

With the exception of setting the irradiation angle of the gas cluster ion 
5 beam with respect to substrate surface 31a to 90°, the same conditions were 
chosen as in Embodiment 6. The roughness of the side wall surfaces of the 
concave portions or the convex portions was measured with an atomic force 
microscope. The surface roughness Ra measured was 3.03 nm. 
[Fourth Comparative Example] 

10 A mask pattern was formed by applying a resist layer on a silicon 

substrate having a thermal oxide formed on it, drawing a line and space 
pattern by using an electron beam lithography apparatus, and developing the 
pattern. Using a reactive etching apparatus, the silicon oxide layer was etched 
and a hard mask was formed. Subsequently, the masked silicon substrate was 

15 irradiated with an SF 6 gas cluster ion beam under the same conditions as those 
in Embodiment 1 and etched, but this was done in such a way that the 
irradiation angle 0 P with respect to the substrate surface became 90°. The 
irradiation dose at this time was set to 2 x 10 15 ions/cm 2 . After this irradiation, 
concavo-convex surfaces of parallel linear grooves with spaces in between, 

20 i.e. a line and space pattern, were formed in the silicon substrate. The 

roughness of the side walls of those grooves, i.e. the side wall surfaces of the 
concave portions or the convex portions occurring in the solid surface having 
concavo-convex portions, was measured with an atomic force microscope. 
The surface roughness Ra measured was 2.17 nm. 

25 [Fifth Comparative Example] 

Choosing basically the same conditions as in Embodiment 8 with the 
exception of irradiating in the first step without changing the irradiation 
bearing angle 9 r , GCIB (Gas Cluster Ion Beam) irradiation was carried out for 
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a Si film, a Pt film, an Si0 2 film, and a Cr film. The irradiation dose was set 
to 4 x 10 15 ions/cm 2 . The measured results are shown in Table 4 in Fig. 8. 
[Sixth Comparative Example] 

Using a commercially available ion beam etching apparatus, an SF6 ion 
5 beam was generated, the SFe ions were accelerated to 30 kV and irradiated 
on an Si film, a Pt film, an Si0 2 film, and a Cr film similar to those used in 
Embodiment 8. The irradiation angle conditions and the irradiation dose were 
also chosen to be the same as in Embodiment 1. The surface roughness of the 
surfaces of various materials before and after irradiation was measured using 

10 an atomic force microscope. The result was that, in the same way as in 
Comparative Example 1 , the surface roughness Ra of the surfaces of the 
various materials worked out to 2 nm or more for any irradiation condition. 
Also, the profile of S atoms penetrating the surface layer in the Si film was 
evaluated using the secondary ion mass spectroscopy (SIMS) method, in 

15 order to measure the extent of damage in the surface after the smoothing 

process, the result being, in the same way as in Comparative Example 1, that 
S atoms had penetrated as deeply as 40 to 50 nm from the surface. 
[Seventh Comparative Example] 

The same conditions were chosen as in Embodiment 11, with the 

20 exception of forming a line and space pattern and adopting one type for the 
irradiation bearing angle 9 r of the gas cluster ion beam. The surface roughness 
of the side walls of this line and space pattern was measured with an atomic 
force microscope. The surface roughness Ra measured was 2.98 nm. 
[Investigation] 

25 By referring to Embodiment 1, Embodiment 3, and Comparative 

Example 1, the following can be seen. As the irradiation angle 0 P of a gas 
cluster ion beam is decreased from 90° (vertical irradiation), the surface 
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roughness increases relatively monotonically down to an irradiation angle 0 P 
of 30°. When the irradiation angle 0 P becomes smaller than 30°, it is seen that 
the surface roughness is reduced abruptly, and moreover, that it even becomes 
smaller than the surface roughness in the case of irradiation at 90°. Even if 
5 irradiation angle 6 P is decreased further, the state of small surface roughness 
continues, but when it reaches a value less than 1 °, the surface roughness 
again increases abruptly. 
[0018] 

In the state of 0° irradiation, the solid surface is hardly etched, and in 
10 this case, the value of the surface roughness can be considered to be one 
which reflects the surface roughness of the initial state of the various films. 
What should be paid attention to here is that in case irradiation is carried out 
at less than 30°, a fairly low surface roughness is realized compared to the 
case of nearly perpendicular irradiation. This result is one which indicates that 
15 it is possible, compared to conventional solid surface smoothing methods 
based on nearly perpendicular irradiation, to make surface roughness 
considerably smaller with the solid surface smoothing method of the present 
invention. 

Also, since similar results are obtained even in the cases of using 
20 chemically reactive SF 6 gas and chemically inert Ar gas as gas cluster types, it 
is seen that the solid surface smoothing method according to this invention 
does not depend on the type of gas cluster. Further, as for the types of 
smoothed materials, since similar results are obtained for chemically reactive 
Si and chemically inert Pt with respect to SF 6 clusters, it is seen that the solid 
25 surface smoothing method according to this invention does not depend on the 
type of material smoothed. 
[0019] 
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In the results for a normal ion beam, which is not a gas cluster, of 
Comparative Example 1 , no marked smoothing of solid surfaces can be seen, 
so the superiority of this invention using gas cluster ion beams can be 
confirmed. 

5 In addition, if one attempts to compare the extent of damage occurring 

in the surfaces after the smoothing process, S atoms penetrate and inflict 
damage as deep as 40 to 50 nm from the surface with methods based on 
conventional ion beams, whereas they only inflict damage at 10 nm or less 
with the present invention, so it is seen that it is possible to implement a solid 
10 surface smoothing method with very low damage by using the present 
invention. 
[0020] 

Further, if one attempts to look at the etching amount of the solid 
surface during the smoothing process, with the perpendicular irradiation 

15 according to the conventional methods, there is a very big etching amount for 
the Si film, 1050 nm, but with 25° incidence conditions according to the 
present invention, the Si film etching amount works out to 340 nm, one third 
or less of the conventional amount, so it is seen that it is possible to 
implement surface smoothing with a remarkably low etching amount. With a 

20 Cr film having an initial roughness of 3. 1 nm, even with a roughness of 

something like 0.5 nm after irradiation, the etching amount does not exceed 
10 nm. By this effect of a small etching amount, it is seen that this invention 
is suitable for smoothing, etc., of thin-film materials. 

Next, the following can be seen by referring to Embodiments 4 and 5. 

25 By irradiating the gas cluster ion beam while varying the angle formed by the 
solid surface and the gas cluster ion beam, not irradiating at only a single gas 
cluster ion beam irradiation angle 0 P , it is seen that it is possible to reduce 
surface roughness in a short time (with a condition of a small irradiation 
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dose). Also, even by using an irradiation angle 0 P of 90° in the first step and 
using an irradiation angle 0 P of 25° in the second step, as the angles formed 
by the solid surface and the gas cluster ion beam, it is seen that it is possible 
to reduce surface roughness in a short time (with a condition of a small 
5 irradiation dose). From the graph shown in Fig. 2, roughly speaking, it would 
be acceptable to set the irradiation angle 0 P to 30° or more in the first step and 
to less than 30° in the second step, but it is appreciated that, preferably, it 
would be acceptable to set the irradiation angle to 50° to 90° in the first step 
and to 1° to 30° in the second step. 
10 [0021] 

It is considered that this method of changing the irradiation angle 9 P 
and using a second-step angle is particularly valid for the following samples. 
In the case that the surface of the sample is relatively smooth, it is considered 
that it is the most valid to choose an irradiation angle 0 P of this invention to be 

15 less than 30°, but in the case that the roughness of the surface is relatively big, 
it results that, when looking at the micro level, there are domains present 
which have various angles in the surface. In the case of domains like these 
having various angles in the surface, there are cases when it is more efficient 
to smooth with an e.g. nearly perpendicular irradiation. As is evident when 

20 looking at Fig. 2, as for the range of angles in which it is possible to obtain 
nearly fixed smoothing when varying the irradiation angle 0 P , the vicinity of 
nearly perpendicular irradiation becomes the largest, since it can be 
considered that the curves of Fig. 2 are symmetrical about the 90° axis. 
[0022] 

25 If one considers the vicinity of 25°, which lies inside the valid range of 

irradiation angles evident from this Fig. 2, smoothing becomes difficult if the 
irradiation angle 0 P is shifted by 10° to 35°. As against this, even if the 
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irradiation angle 0 P is shifted by ±20° with an irradiation at 90° to become 
1 10° or 70°, the surface roughness is in a nearly fixed range and it hardly ever 
occurs that smoothing becomes difficult, as can be understood from Fig. 2. 
Consequently, in case the sample surface roughness is relatively big, the 
5 method of carrying out irradiation by setting the irradiation angle 0 P to a 
relatively large value, e.g. within ±20° from a central value of 90° and, after 
smoothing has been advanced to a certain extent, advancing the smoothing 
further under the condition of an irradiation angle 0 P smaller than 30°, 
becomes efficient. Also, in the case that the roughness of the sample surface 

10 is similarly relatively big, it is appreciated that it is possible to carry out 
smoothing efficiently if the irradiation angle 0 P is repeatedly varied 
continuously between 90° and 0°. In this case, it is acceptable to repeatedly 
vary the angle 0 P from 0° to 90° to 180° to 90° to 0°, straddling an axis at 
right angles with the sample surface. It is valid to utilize irradiation in the 

15 irradiation angle range according to this invention from 1 ° or more to less 
than 30° as a finishing process, i.e. to carry out irradiation at an irradiation 
angle which is 1° or more and less than 30° at least in the last process in 
smoothing processing including various modes in which the irradiation angle 
is varied. 

20 [0023] 

From the explanation above and the graph of Fig. 2, it is appreciated 
that the continuous change of the irradiation angle 0 P in Embodiment 4 may 
be one wherein the angle is continuously changed between any angle of 30° 
or more and any angle less than 30°, preferably between any angle between 
25 50° and 90° and any angle from 1° or more to 30°. Also, even the technique 
with which the angle is changed continuously need not be one which 
functions while having the angle make roundtrips, a possibility being that the 
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angle is repeatedly changed continuously from a big angle to a small angle or 
from a small angle to a big angle. As will be described subsequently with 
reference to Figs. 9A and 9B, from the point of view of the simplicity of the 
mechanism and control for making the irradiation angle 0 P repeatedly change 
5 continuously, roundtrip operation is easier. In addition, the starting angle and 
the ending angle of the repetition of the continuous change may be arbitrary, 
but it is appreciated that in the case of a low number of repetitions, it is better, 
if one dare say so, for the angle at the ending time to be smaller. 
[0024] 

10 The number of times that the continuous change in this irradiation angle 

9 P is repeated may be 1 or higher within the time of the entire smoothing 
process, but it is more effective to choose a number of several tens of times to 
more than several hundreds of times. Consequently, the rate at which the 
irradiation angle is changed is not one which is limited to 1 cycle per second, 

15 as shown in Embodiment 4. 

Next, it will be investigated in which proportions the first step and the 
second step in Embodiment 5 should be performed. In Embodiment 5, the 
initial surface roughness Ra (average value) is 3.1 nm, and Rmax (peak value) 
is something like 30 nm. When the surface is smoothed, Ra is changed to 0.41 

20 nm and Rmax to something like 4 nm, but since the surface of the initial 

condition has concave-convex portions, it exhibits a shape having a variety of 
angles, if one looks at the microscopic level. It is expected that the surface has 
an angular distribution of something like 30°. If this angular distribution is 
large, in case smoothing is carried out by irradiation according to this 

25 invention, and the irradiation angle 9 P is chosen to be e.g. 15°, the result is 
that there is a domain which is actually irradiated at 45° (15° + 30°), so the 
efficiency is bad in this region, i.e. if one looks at the microscopic level, the 
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result is that there is a domain which is not smoothed. Consequently, since by 
making the angular distribution of this surface, viewed from a microscopic 
level, be 15° or less in the first step, it becomes 30° (15° + 15°), so it can be 
considered that the smoothing efficiency rises. In the example of Embodiment 
5 5, by making Ra something like half (1.5 nm), the surface can be considered 
to fall within the range described above (actually, it can be considered, for the 
reason mentioned below, that a reduction by as much as half is not necessary). 
The fact of reducing this Ra to something like half is nearly equivalent to 
carrying out the irradiation in the first step to something like half the initial 
10 roughness. 
[0025] 

This example is a typical industrial application example, but since there 
are actually various cases, irradiation may be carried out in the first step as far 
as e.g. reducing the surface roughness by 10 % of the initial value or more (to 

15 90 % or less). This is because, if the smoothing of a face with large angles 
due to concave-convex portions of the surface viewed on a microscopic level 
is carried out to reduce the surface roughness as much as the aforementioned 
10 % , it is expected that it will fall within the aforementioned range (an 
angular distribution viewed at the microscopic level of something like 1 5 % 

20 or less) because the efficiency of smoothing by irradiating a gas cluster ion 
beam is high (stated the other way round, it takes more time to further reduce 
something which has small roughness). 

Regarding the second step, it is efficient to allot to the second step 
approximately 10 % or more of the whole processing time for the first step 

25 and the second step. The reason for that is that, in Embodiment 5 based on the 
following, the processing time is on the order of 10 to 30 minutes with the 
current apparatus, but after processing in the first step, the surface roughness 
Ra of 3.1 nm has become something like 1 nm. Because the roughness of 1 
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nih is changed to something like 0.4 nm in the second step, a processing time 
equal to or greater than the time needed for smoothing the difference in 
absolute Ra values becomes necessary, i.e. 1 nm - 0.4 nm = 0.6 mm as 
against 3.1 nm - 1 nm = 2.1 nm, so the result is that a time equal to or greater 
5 than 20 % of the whole processing time needs to be allotted to the second 
step. Generally, as in the aforementioned first step, it is acceptable to allot to 
the second step approximately 1 0 % or more of the total processing time for 
the first step and the second step, as mentioned above. 
[0026] 

10 As mentioned above, according to this invention, in case the irradiation 

angle 9 P is chosen to have a fixed value of less than 30°, and in case two steps 
are chosen, various modes like the repetition of a continuous variation can be 
considered. In the apparatus of this invention, shown in Fig. 1, the apparatus 
is set up to be able to set the mode setting and the irradiation angle 0 P . This 

15 apparatus, as e.g. shown respectively in Fig. 9 A, for an irradiation angle 
setting mechanism 20, and in Fig. 9B, for the top face thereof as well as an 
irradiation angle control apparatus 30, as for sample support 18, there is 
mounted an encoder plate 25a of an angle detection part 25 detecting, as a 
digital value, the rotation angle of sample support 18 between a rotation shaft 

20 21 and a fixed plate 22a, i.e. the irradiation angle 0 P of the gas cluster ion 

beam CB with respect to the face being smoothed of a sample 19 mounted on 
sample support 18. Irradiation angle control apparatus 30 is composed of an 
electric circuit part 25b, a display part 26, a setting part 27, a control part 28, 
and a drive part 29. A detected angle (irradiation angle) 9 C , coming from 

25 electric circuit part 25 of angle detection part 25, is displayed in the current 
angle area 26a of display part 26. 
[0027] 
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When a fixed mode is set by manipulating mode setting part 27a in 
setting part 27 and the targeted irradiation angle 0 P is input by manipulating 
angle setting part 27b, "Fixed" is displayed in mode area 26b of display part 
26, the set irradiation angle is displayed in set angle area 26c, and a motor 23, 
5 driven via control part 28 and drive part 29, is controlled so that the actual 
angle 0 C becomes the set angle 0 P . 

When a two-step mode setting is input and 0 p i, 0 p2 are input in order as 
settings for the irradiation angles, "Two-step" is displayed in the mode area, 
the initial setting angle 0 p i is displayed in set angle area 26c and the second- 

10 time setting angle 0 p2 is set in set angle area 26d, respectively, and the drive 
of motor 23 is controlled so that, on the occasion of the aforementioned first- 
step processing by control part 28, the current angle 0 C becomes the angle 0 p i 
of set angle area 26c. On the occasion of the second-step processing, the drive 
of motor 23 is controlled so that 0 C becomes the angle 0 p2 of set angle area 

15 26d. 
[0028] 

When the continuous variation mode setting is input and 0 p i, 0 p2 are 
sequentially input as settings for the angles, "Continuous variation" is 
displayed in the mode area, set angles 0 p i and 0 p2 are displayed in set angle 

20 areas 26c and 26d, and motor 23 is controlled so that the irradiation angle 0 P 
with respect to the beam is repeatedly moved back and forth by control part 
28 between the two set angles 0 p i and 0 p2 . 

Control part 28 is a part in which the irradiation angle setting program 
for the aforementioned various displays, the various drives of motor 23, and 

25 so forth, is executed by means of a CPU (Central Processing Unit) or a 

microprocessor. Setting part 27 is an input means for the keyboard, etc. This 
mode and angle setting device is installed in the control apparatus of a 
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smoothing processing apparatus capable of setting various conditions for this 
smoothing process. Further, the smoothing apparatus of this invention may 
also be an apparatus in which the irradiation angle 0 P is fixed to less than 30°, 
i.e. an apparatus in which the irradiation angle 0 P can not be varied. 
5 [0029] 

When the irradiation dose varies, the etched amount of material varies, 
this etching amount being nearly proportional to the irradiation dose. Also, 
directly after the start of the irradiation, the surface roughness is decreased, 
together with the increase in the irradiation dose, but when the surface 

10 roughness is decreased to a certain extent, it never occurs that the surface 
roughness decreases beyond that. This is something close to the region in 
which, regarding the irradiation doses used in each of the previous 
embodiments, the surface roughness decreases to a certain extent but does not 
decrease beyond this. Since the relationship between irradiation dose and 

15 surface roughness is the above-mentioned relationship, the irradiation dose 
may have a small value, there being no minimum value for the dose. It is 
generally preferable to use the smallest irradiation dose possible to implement 
the targeted surface roughness. This is because manufacturability is normally 
higher with a shorter smoothing process time, because it is frequent that the 

20 smoothed materials are film materials, and because it is desirable to have a 
smaller reduction of film thickness (etching amount) accompanying the 
smoothing. 
[0030] 

In each of the embodiments above, the accelerating voltage was 
25 assumed to be 30 kV. The higher the accelerating voltage is, the greater the 
etching amount becomes, but it can be seen that the processing time becomes 
shorter. However, the relationship between accelerating voltage and surface 
roughness is currently not understood. Consequently, it is acceptable to 
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determine the accelerating voltage as well, by various conditions like the time 
and material required for the smoothing process, and it may be chosen to be in 
the range of something like 10 to 45 kV. 

Further, the following can be seen by referring to Embodiment 6, 
5 Embodiment 7, and Comparative Examples 2 to 4. The roughness values of 
the side wall surfaces of the concave portions or the convex portions in a solid 
surface provided with a concavo-convex pattern differ markedly by etching 
method and the processing method thereof. In the conventional etching 
method shown in Comparative Example 2, it is seen that the magnitude of the 

10 roughness of the side walls of the concave portions or the convex portions is 
great. Even if using the gas cluster ion beam shown in Comparative Example 
3 and Comparative Example 4, it is seen that surface roughness does not 
diminish in the case that the irradiation angle of the beam is perpendicular to 
the surface desired to be smoothed, i.e. if the irradiation angle 0 P with the 

15 surface (the side wall surfaces of concave portions or convex portions) 

desired to be smoothed is 90°. Compared to that, by making the irradiation 
angle 9 P with the surface desired to be smoothed greater than 0° and smaller 
than 30°, as in Embodiment 6 of the present invention, it becomes possible to 
markedly reduce the roughness of the side wall surfaces of the concave 

20 portions or the convex portions. Also, it is seen that this invention can be 
applied effectively to side wall surfaces of concave portions or convex 
portions which are not plane surfaces, like curved surfaces, as described in 
Embodiment 7. 
[0031] 

25 In this way, it is seen that this invention can be applied not only to 

smooth solid surfaces but also to the smoothing of side wall surfaces of 
concave portions or convex portions occurring in surfaces with concavo- 
convex patterns formed by etching and the like, as well as to planes and 
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curved surfaces having various angles. This is to say that side wall surfaces of 
concave portions or convex portions do not have to be perpendicular faces 
with respect to the substrate. Moreover, even regarding the smoothing of side 
wall surfaces of concave portions or convex portions, it may be appreciated 
5 that effective smoothing is possible by continuously varying the angle 0 P , as 
in Embodiment 4, or by two-step irradiation with changed angles 0 P , as in 
Embodiment 5. 

In the foregoing, an investigation was carried out within an irradiation 
angle range from 0° to 90°, since it is evident that the surface roughness 

10 characteristics with respect to the irradiation angle in Fig. 2 work out to being 
symmetrical about the 90° axis, so if the range of e.g. 1° or more to less than 
30° according to this invention is taken to be a domain A and the range from 
35° or more to 90° or less is taken to be a domain B and the domains 
symmetrical about the 90° axis to these are respectively taken to be domains 

15 A' = 180° - A and B' = 1 80° - B, irradiation modes with various combinations 
of domains A, A', B, and B' including irradiation processes based on 
irradiation angles 0 P in at least one domain of the domains A and A' are 
possible with this invention. Also, it is acceptable to carry out multi-step 
irradiation based on multiple irradiation angles selected from these 

20 combinations, and it is acceptable to carry out at least once continuous 

changes of irradiation angles between those. These arbitrary irradiation modes 
can be easily implemented by the configuration shown in Figs. 9A and 9B. 
[0032] 

The following can be seen by referring to Embodiment 8 and 
25 Comparative Example 5. It is seen that, if irradiation is carried out in two 

steps at two different bearing angles 0 r in the plane of projection of the beam 
on the sample face with respect to the irradiation angle 0 P of the gas cluster 
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ion beam, the surface roughness becomes smaller than for the same irradiation 
dose at a single angle 9 r . It is also seen that the surface roughness effect is 
further increased, if the value of this second-step angle 0 r is 5° or more. 

With reference to Embodiments 8 and 9 and Comparative Example 5, it 
5 is seen that the surface roughness reduction effect due to using a second-step 
bearing angle 9 r does not depend on the type of sample or on the type of gas 
cluster. Also, regarding the angle 0 P , it is seen that there is a marked effect at 
30° or less. 
[0033] 

10 In the result due to a conventional ion beam, distinct from a gas cluster 

ion beam, of Comparative Example 6, noticeable smoothing of the solid 
surface similar to the case of Comparative Example 1 can not be observed, so 
the superiority of this invention using the gas cluster ion beam of 
Embodiment 8 can be confirmed. The reason why noticeable smoothing does 

15 not occur for a conventional ion beam and noticeable smoothing does occur 
for a gas cluster ion beam of the present invention can be considered in the 
following way. If a gas cluster ion beam is irradiated obliquely, the clusters 
collide and recoil, but the recoil directions thereof are mostly distributed in 
directions within the face of the concerned solid surface. This can be thought 

20 of as a mechanism similar to the "lateral sputtering" occurring in the case of 
vertical irradiation of the gas cluster ion beam on the solid surface. In the case 
of oblique irradiation at e.g. 0 P = 20°, the recoiling atoms or molecules are 
mostly distributed at angles for which 0 P is less than 20°. The result is that, in 
this way, recoiling atoms or molecules collide again with the protrusions of 

25 the solid surface and smooth the pointed ends of the protrusions. Moreover, in 
case a conventional ion beam is irradiated obliquely, and if 0 P = 20°, the 
recoiling atoms or molecules have angles with a distribution centered on 20°, 
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the same as the irradiation angle. The result is that, in the case of this 
conventional ion beam, the probability that recoil atoms or molecules smooth 
the protrusions becomes very small. 
[0034] 

5 Next, it will be attempted to reflect on the distribution of bearing angle 

0 r directions. If a gas cluster ion beam is irradiated obliquely, it recoils with a 
distribution of the 9 r angles as well. The distribution range is wider than for 
the case of a conventional ion beam, but since there is a distribution, a texture 
parallel to the irradiation angle is formed. The dimensions of this texture 

10 restrict the reduction in surface roughness. Moreover, an attempt will be made 
to consider the case of irradiating beams from at least two types of directions 
on the plane of projection of the solid surface. It was discovered for the first 
time with this invention that, if a cluster ion beam is irradiated from the 
concerned second type of direction, the formation of a texture formed in 

15 parallel with the concerned irradiation direction is noticeably suppressed. This 
is a characteristic that can not be observed with a conventional ion beam. 
[0035] 

By mechanisms like these, the superiority of the present invention can 
be explained. 

20 In addition, if one attempts to compare the extent of damage occurring 

in the surface after the smoothing process, as against a situation with S atoms 
penetrating and inflicting damage as deeply as 40 to 50 nm from the surface 
with a method based on a conventional ion beam, in the same way as in 
Comparative Example 1 , they only inflict damage at 10 nm or less with this 

25 invention, so it is seen that it is possible to implement smoothing with very 
low damage of a solid surface by using this invention. 
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By referring to Embodiments 8 and 10, even in the case of choosing 
two steps for the angle 0 r or in the case of continuously varying the angle, it is 
seen that there is an effect of reducing the surface roughness in the same way. 
It is seen that this is something for which it is essentially important to choose 
5 a condition in which the angle 0 r is not single, but does not depend on the 
number of multiple steps which do not have to be two steps but can e.g. be 
three steps or four steps. Also, it is seen that the range of angles continuously 
varied may also be arbitrary. 
[0036] 

10 By referring to Embodiment 1 1 and Comparative Example 7, it is seen 

that the effect of reducing surface roughness by a method with the angle 0 r 
not being fixed, like changing it in two steps or continuously varying it, can 
also be applied to the pattern side wall surfaces. From this result, it is seen 
that it is possible to apply the solid surface smoothing method of the present 

15 invention to three-dimensional and complex surfaces, curved surfaces, and the 
like. 

By referring to Embodiment 8 and Embodiment 12, it is seen that the 
effect of reducing surface roughness by using two-step bearing angles 0 r is 
higher when the first-step angle 0 P and the second-step angle 0 P are the same. 

20 This phenomenon is something which has become experimentally evident for 
the first time with this invention. This can be thought of in the following way. 
Regarding the smoothing effect of the solid surface, it is seen that there is not 
much 0 P dependence due to the irradiation of the first step in the domain 0 P < 
30°, as shown in Comparative Example 5. However, as shown by the atomic 

25 force spectroscopy photographs after smoothing by irradiation with a cluster 
ion beam, for samples 5-3 and 5-2 in Figs. 10A and 10B, it was seen that the 
morphologies thereof are very different. In the case of carrying out gas cluster 
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ion beam irradiation in the second step, the explanation is that it is carried out 
with respect to this kind of surface morphology formed in the first step. As a 
result of assiduously carrying out an investigation in accordance with the 
present invention, it has become evident that, depending on the way of 
5 combining the steps, there are differences in the surface smoothing effects of 
the second step. 
[0037] 

When looking at Figs. 10A and 10B, it looks like there are streaks 
attached in the irradiation direction, and it is seen that the thickness and length 

10 of those streaks differ. By the present invention, it has become evident that 
the length of these streaks has a tendency to become longer, the smaller the 
angle 9 P becomes. Further, in order to smooth the surface so as to shave off 
the surface in units of the width and the length of these streaks, it is inferred, 
regarding the irradiation in the first step and the second step, that it is more 

15 effective when the units thereof match. When one e.g. considers that the depth 
of the streaks in the second step is in a state of being shallower than in the 
first step, it means that the smoothing effect in the second step becomes 
smaller. Because of this, the result is that the smoothing effect is stronger 
when the 0 P angles of the first step and the second step are the same. 

20 [0038] 

As mentioned above, according to this invention, in case the irradiation 
angle 6 r is chosen to have a fixed value of less than 30°, and in case two steps 
are chosen, various modes like the repetition of a continuous variation can be 
considered. In the smoothing apparatus taking into account the execution of 
25 Embodiments 8 to 11, the apparatus is set up to enable a mode setting and 
irradiation angle (0 P , 0 r ) settings. As e.g. shown in Figs. 1 1 A and 1 IB, on the 
plate face of a sample holder 1 8 similar to that in Figs. 9 A and 9B, there is 
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provided a cogwheeled rotary disk 41 rotatably supported about an shaft 41a, 
upon which a sample 19 is supported: The cogwheel serving as rotary disk 41 
is coupled to a cogwheel 43 mounted on the shaft of a stepping motor 42 
mounted on sampler holder 18 and rotary disk 41 can be rotated a desired 
5 angle 0 r by a rotation of stepping motor 42. As for stepping motor 42, pulses 
in a number corresponding to the angle 0 r are supplied by drive part 29. 
[0039] 

When a fixed mode is set by manipulating mode setting part 27a in 
setting part 27 and the targeted irradiation angle 9 P is input by manipulating 

10 angle setting part 27b, "Fixed" is displayed in mode area 26b in display part 
26, the set irradiation angle is displayed in set angle area 26c, and a motor 23, 
driven via control part 28 and drive part 29, is controlled so that the actual 
angle 0 C becomes the set angle 0 P . 

When a two-step mode setting is input and 0 P , 0 ri , 0 r 2 are input in order 

15 as settings for the irradiation angles, "Two-step" is displayed in the mode 
area, the initial setting angle 0 P is displayed in set angle area 26c and the set 
angles 0 r i and 0 r2 are set in set angle area 26d, respectively, and the drive of 
motor 23 is controlled so that the current angle 0 C , on the occasion of the 
aforementioned first-step processing by control part 28, becomes the angle 0 P , 

20 and motor 42 is controlled so that the rotation angle 0 r of rotary disk 41 

becomes 0 r i. In the second-step processing, the angle 0 P is maintained as is 
and the drive of motor 42 is controlled so that the angle 0 r becomes the angle 

0r2- 

[0040] 

25 When the continuous variation mode setting is input and 0 P , 0 r i, 0 r 2 are 

input in order as settings for the angles, "Continuous variation" is displayed in 
the mode area, and motor 23 is controlled by control part 28 so that the 
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irradiation angle becomes 8 P , and motor 42 is further repeatedly moved back 
and forth so as to change continuously between the two set angles 0 r i and 0 r 2. 

Control part 28 is a part in which the irradiation angle setting program 
for the aforementioned various displays, the various drives of motors 23 and 

5 42, and so forth, are executed by means of a CPU (Central Processing Unit) or 
a microprocessor. Setting part 27 is an input means for the keyboard, etc. This 
mode and angle setting device is installed in the control apparatus of a 
smoothing processing apparatus capable of setting various conditions for this 
smoothing process. 

10 [0041] 

As is evident from the description above, the gas types used for gas 
cluster ion beams are not limited to SF 6 or Ar but can be of any type and, 
moreover, apparatus conditions and experimental parameters like irradiation 
conditions and cluster sizes are not particularly restricted, any conditions and 
15 parameters being acceptable. 



